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Abstract 
The influence of the reaction gas composition during the DC magnetron sputtering process on 
the structural, chemical and optical properties of Ce-oxide thin films was investigated. X-ray 
diffraction (XRD) studies confirmed that all thin films exhibited a polycrystalline character with 
cubic fluorite structure for cerium dioxide. X-ray photoelectron spectroscopy (XPS) analyses 
revealed that cerium is present in two oxidation states, namely as CeO2 and Ce2O3, at the surface 
of the films prepared at argon-oxygen flow ratios between 0-7%, whereas the films are 
completely oxidized into CeO2 as the aforementioned ratio increases beyond 14%. Various 
optical parameters for the thin films (including an optical band gap in the range of 2.25 – 3.1 eV) 
were derived from the UV-Vis reflectance. A significant change in the band gap was observed as 
the oxygen pressure was raised from 7% to 14% and this finding is consistent with the high-
resolution XPS analysis of Ce 3d that reports a mixture of Ce2O3 and CeO2 in the films. Density 
functional theory (DFT+U) implemented in the Cambridge Serial Total Energy Package 
(CASTEP) was carried out to simulate the optical constants of CeO2 clusters at ground state. The 




gap that agrees well with the experimentally measured optical band gap. The simulated and 
measured absorption coefficient (α) exhibited a similar trend and, to some extent, have similar 
values in the wavelength range from 100 to 2500 nm. The combined results of this study 
demonstrate good correlation between the theoretical and experimental findings. 
 






Rare-earth oxides have emerged as interesting materials in diverse optical and electronic 
applications. Among this family of materials, Ce-oxide has received particular attention due to it 





) of CeO2 and Ce2O3  [1],  high oxygen storage capacity [2] and ability to 
support deviations in its stoichiometry whilst maintaining a fluorite structure[3]. In particular, 
CeO2 has garnered significant interest for its application to the fields of catalysis[4], gas, 
temperature, radiation and humidity sensing [5], along with capacitor devices [6] and field-effect 
transistors [7]. The desirable properties exhibited by Ce-oxide materials also make them 
promising candidates in other areas, including: an alternative to silicon in integrated circuits due 
to the similarity in lattice parameters between CeO2 and silicon [8]; transparent materials in 
smart window technologies due to their ability to insert and extract large charge densities [9] ; 
and also as single and multilayer optical coatings for solar energy applications due to their high 
refractive index [10-12].  
The influence of various synthesis parameters on the resultant properties of Ce-oxide films has 
been demonstrated in several previous studies. Porqueras and coauthors [13] evaluated the 
influence of oxygen flow rate on the structural and optical properties of cerium dioxide (CeO2) 




all of the structural characteristics apart from stoichiometry are sensitive to changes in the 
oxygen pressure/flow rate. Whilst their investigations for the optical transmittance properties of 
the samples studied in the visible range of 400 – 800 nm displayed remarkable high values, the 
study did not include a comprehensive investigation of the influence of other conditions such as 
deposited rate and substrate temperature nor did assess the loss factors for the selected samples. 
In separate work, Debnath et al. prepared CeO2 films via an e-beam evaporation process onto 
glass substrates at a pressure of 6 × 10
-6
 Torr and with different film thicknesses from 140 to 180 
nm. The studied films in the wavelength ranging from 200 to 850 nm showed excellent 
transparency properties in the visible region, whilst exhibiting low reflectance values in the ultra-
violet region. Furthermore, the optical band gap of the films decrease with the increase of the 
thickness [14]. Ozar et al [15], employed a sol-gel spin coating technique to prepare crystalline 
CeO2 coatings and investigated the optical and electronic properties of such thin films. The XPS 
analyses revealed the films possess a compositional structure of CeO2 and the surface 
topography, examined by scanning electron microscopy (SEM), demonstrated a good uniformity 
and homogeneity. The authors also reported CeO2 films exhibit high electrochemical stability 
based on the results of cyclic voltammetry and spectroelectrochemical experiments. The 
experimental analyses of the CeO2 coatings indicated a good passive counter electrode material 
in terms of inserted / extracted charge and optical response. 
 
In other instances, magnetron sputtering has been investigated and applied as a promising 
approach to prepare Ce-oxide films. Sundaram et al. [16] prepared CeO2 coatings on glass 
substrates via r.f. magnetron sputtering  using a number of sputtering power levels and oxygen 
pressures. They found that at a 100 W sputtering power level the deposition rate increased with 
increasing oxygen flow ratio compared to the sputtering power levels of 150, 170 and 200 W 
which showed minimal change to the deposition rate. In addition, the maximum deposition rate 
was achieved at O2/Ar of 0.45 and 0.60. Further increases in the oxygen pressure resulted in 
decreases in the deposition rate. Jain et al. synthesized CeOx thin films deposited onto Si and 
quartz substrates by reactive DC magnetron sputtering technique [18]. The films were prepared 
as a function of target-substrate distance (dT-S) and characterized by a number of characterization 
techniques such as XRD, atomic force microscopy (AFM) and UV-Vis. The study revealed that 




target-substrate distance. They also concluded the synthesized films exhibit good characteristics 
of transmittance in the wavelengths range of 400 - 1100 nm.  
 
 
Shi et al. [17, 18] previously investigated the surface morphology, wetting behaviour, 
microstructure, tribological and mechanical properties of CeO2-x films deposited onto Si 
substrates by reactive unbalanced magnetron sputtering using different oxygen flow ratios and 
substrate bias voltages. Regarding the influence of the substrate bias voltage, the CeO2-x coatings 
possessed a hydrophobic nature with water contact of nearly 100 °C. The preferable phase 
formation of cubic crystalline CeO2 occurred at bias voltage of -80 V, with significant 
enhancements to the microstructure evident at higher voltages resulting in an increase in material 
hardness, yielding a maximum value of -18.0 GPa. For Ce-oxide films prepared as a function of 
oxygen flow ratio, all coatings exhibited smooth surfaces with similar wetting characters with a 
hydrophobic nature. They also concluded that the hydrophobicity lessens with the existence of 
excess surface lattice oxygen. Furthermore, at 7% oxygen flow ratio, they achieved a maximum 
hardness, and elastic modulus of -18.1 and -190.2 GPa, respectively; however; these two 
mechanical properties decrease with subsequent increases to the oxygen flow ratio.   
 
It is apparent from the above discussion that the characteristics of Ce-oxide thin films prepared 
via different techniques vary somewhat significantly depending on the preparation technique 
employed. This also opens up the interesting prospect of tuning the properties of Ce-oxide films 
for certain applications by exploiting the inherent variability that the synthesis parameters have 
on the resultant film properties. It is also apparent from prior literature that there is scope to 
improve the optical properties of Ce-oxide coatings.  We propose that this can be achieved via a 
study of the amount of oxygen flow effects on the optical properties of CeOx, as prepared by DC 
magnetron sputtering. In this instance, DC magnetron sputtering is the preferred technique to 
synthesize the thin film materials because the optimal plasma distribution can result in excellent 
adhesion between the thin films and the substrates. Herein, we investigate the influence of the 
reaction gas composition using DC magnetron sputtering on the structural, chemical and optical 
properties of the Ce-oxide thin films, with a view to achieving an enhanced understanding of the 





2. Experimental and modelling 
2.1.1 Thin film deposition process  
CeOx thin films were deposited onto the Si (100) wafers using a magnetron sputtering system 
(Teer coating Ltd, UK). A pure Cerium (Ce) target (99.9 % purity) of 300 mm   100 mm  5 
mm size was used to synthesize the coatings. Ar and O2 gases with purity of 99.999 % were used 
as the working gas and reactive gas, respectively, and the flow rates of these gases were 
controlled by MKS mass flow controllers. The vacuum chamber was pumped down to a 
background pressure of 4   10-5 Pa prior to deposition. The pressure of the working gas was 
maintained at ~0.3 Pa throughout the sputtering process. The target-to-substrate distance was set 
as 10 cm and the sputtering process was performed without substrate rotation. In the first stage, 
the substrate was sputter cleaned by Ar plasma at a bias of -400 V (frequency 250 kHz) for 20 
min, in order to remove the surface oxide layer or any contaminant. Then the bias voltage was 
reduced to -60 V at a frequency of 250 kHz for deposition. The target current applied to the Ce 
target was fixed at 4.0 A, while varying the sputtering power in the range of 700 - 900 W. As the 
CeOx films were highly insulating, a pulsed power supply (Pinnacle Plus, Advanced Energy 
Industries, Inc.) was used to drive the magnetron at a frequency of 350 kHz. CeOx thin films 
were deposited at various O2/Ar ratios by adjusting their flow rates. The O2/Ar was been chosen 
as 0/35 (0%), 2.5/32.5 (7%), 5/30 (14%), 10/25 (28%), 15/20 (42%) and /2015 (56%) with a net 
flow of 35 sccm. The deposition time was 60 min and there was no external heating to the 
substrate holder during deposition. The sputtering conditions used in the present work are 
summarized in Table 1.  
 
2.1.2 XRD measurements 
In order to identify the crystallographic phases, present in the deposited films, X-ray diffraction 
(XRD) measurements were carried out using a Bruker Advance D8 X-ray Diffractometer with 
Cu–Kα radiation (λ = 1.5406 Å) integrated with a LynxEye detector. The XRD machine was 
operated at a power of 40 kV and 40 mA. XRD data was collected over the angular range of 20º 




2.1.3 XPS measurements 
A Kratos Axis-Ultra X-ray Photoelectron Spectrometer (XPS) was utilized to examine the 
elemental and chemical state of the sample films. XPS measurements were performed using an 
Al-Kα monochromatic X-ray source possessing a photon energy of 1486.6 eV and operating at 
150W. All samples were placed onto a stainless-steel sample holder and then positioned in the 
XPS analyzer chamber which was maintained at an approximate pressure of 3 × 10
‒ 9
 Torr. The 
binding energy scale was calibrated using the main adventitious carbon component (C-H/C-C 
bond) of the C1s spectrum situated at 284.8 eV as a reference [19, 20]. The test area for each 
measurement was defined by a 700 × 300 micron slot configuration. All survey spectra were 
collected using a pass energy of 160 eV, whilst the high-resolution spectra of Ce 3d, O 1s and 
C 1s were examined by using a pass energy of 40 eV. CASA-XPS v.2.3.15 package was used for 
the determination of chemical composition and deconvolution of high resolution spectra.  
 
2.1.4 FESEM imaging 
Field emission scanning electron microscopy (FESEM) is an important characterization 
technique which provides surface morphological information of the materials under 
investigations. A Zeiss Neon 40EsB FESEM operated at 15 kV was used to determine the film 
thickness through a high resolution of cross-section backscattered electron imaging. Samples 
were prepared by mounting cross-sections in resin and polishing the mounts down to reveal the 
undamaged film against the substrate. The samples were then coated with approximately 3nm Pt 
to make the surfaces conductive and subsequently imaged using a backscattered electron detector 
to highlight the atomic number difference between the film and substrate. EDS was used to 
verify the elemental differences. Measurements were taken using the FESEMs’ operating 
software packages. The thickness of each sample was measured at different positions and then 
the average was calculated as they enlisted in Table 2.  
 
 
2.1.5 UV-Vis and FTIR measurements 
A double-beam UV-Vis spectrophotometer (Model: UV-670 UV-Vis spectrophotometer, 




190 to 2500 nm was used to measure the solar absorptance spectra of the CeO2 films. In order to 
study the reflectance spectra of the prepared films in the infrared region, a PERKIN Elmer 
Spectrum 100 FTIR Spectrometer (USA) was used in the wavelength range of 2.5 to15 μm.  By 
using the UV-Vis reflectance data the optical parameters such as absorption coefficient (α), 
extinction coefficient (k) and optical band gap (Eg) can easily be calculated [21, 22]. 
 
2.2 Density functional theory-based calculations 
Plane wave density functional theory (DFT) with the generalized-gradient approximation (GGA) 
[23] implemented in the Cambridge Serial Total Energy Package (CASTEP) software [24] was 
employed to simulate the structural relaxations and energy calculations  of fluorite-structured 
CeO2 at ground state (T and P = 0). The XRD predicted phase of CeO2 was modeled using 
DFT+U approach proposed by Duderave et al. [25], as the Hubbard parameter (U) is critical 
when dealing with strongly electron-correlated systems such as f-orbital systems. In our 
simulation, U of 5 eV could reproduce, the measured band gap of cerium dioxide. Structural 
optimization was performed using plane wave basis sets with a cut off energy of 370 eV to 
expand the electronic wave functions, while an energy tolerance of 2×10
-5
 eV/atom and an 
atomic force tolerance of 0.05 eV/Å were utilized. For the integration over Brillouin Zone, a 
4×4×4 k-points by Monkhorst grids [26] were selected. The computation details also include the 




3. Results and Discussion 
 
3.1 Structural analysis of Ce-oxide coatings 
 
In order to conduct a computational modelling investigation into the deposited CeOx materials, 
XRD measurements were undertaken to provide crystalline structural information which would 
be used as inputs for the model. The XRD patterns of the CeOx films deposited using various 
argon/oxygen flow ratios shown in Figure 1 demonstrates a polycrystalline character with cubic 




(222) reflection planes (PDF-4 card no. 00-001-0800) at 2θ of 29.4, 33.4 and 59.3°, respectively. 
The cubic fluorite-structure of CeO2 for our coatings with preferred (111) peaks, as depicted in 
Figure 1, indicates that these coatings have high atomic packing densities resulting in coatings 
with very low surface energies [28]. The intensity of the (111) peak increases with increasing 
oxygen pressure and reaches to the maximum at an argon/oxygen flow rate ratio of 28%. Further 
increases in the oxygen partial pressure results in a gradual reduction in the peak intensities. The 
increase in the intensity of the (111) peak may be  due to the increase in the crystallite size and 
the decrease in its intensity is associated with the excess oxygen segregation at the grain 
boundaries of the CeO2 structures [29]. Notably, small peaks attributed to the (200) and (222) 
reflection planes are also observed for the 14% and 28% oxygen/argon flow ratios. The Bragg 
peaks observed at 2θ of 26.3°, 36.7°, 39.1° and 43.4°, belong to tetragonal-structured SiO2 (a = b 
= 4.933 Å and c = 6.464 Å) which results from the contributions of coatings and Si substrate.  
 
The Debye–Scherrer relation was used to estimate the crystallite size of CeO2 films around the 
(111) reflection plane, 
 
                    
   
      
                                                                                       (1) 
 where Dg represents the crystallite size, k is the crystallite-shape factor (k = 0.90) [30], λ is the 
X-ray wavelength, β corresponds to full width at half maximum (FWHM) of the most dominant 
peak, and θ is the Bragg angle. The crystallite size based on (111) plane of the films were found 
to be 84.9, 123.2, 110.0, 100.6, 57.9, 73.5 nm, respectively. It is obvious that the crystallite size 
of (111) reflection plane increases from no oxygen pressure to 7% oxygen flow ratio and beyond 
this ratio the crystalline size reduces. We attribute the change in the crystallite size to the change 
in deposition rate associated with varying O2 /Ar flow rates [31].  
  
XPS provides important elemental chemical state information related to the surface of the 
deposited films. The XPS survey scans of the CeOx coatings fabricated with various oxygen-
argon mixture are shown in Figure S1 (see supporting info). As expected, the survey spectra 
reveal the presence of Ce and O, along with C arising from adventitious carbon (pollutant) which 




in each of the samples as calculated from the XPS survey scans (neglecting the contribution from 
adventitious carbon) are presented in Table 3. Whilst the oxygen content initially appears to be in 
excess to the 1:2 ratio expected for a CeO2 stoichiometry, it is important to note the presence of 
oxygen is also expected to arise from functional groups associated with the adventitious carbon 
also present on the sample (e.g. C-O-C, C-OH, O-C=O, etc.). The high-resolution O 1s spectra 
was deconvoluted in order to determine the proportion of lattice oxygen (i.e. Ce-O bonds) 
present in the sample and the relative atomic concentrations are reported in Table S1 (see also 
Figure S3).  The final column in Table 3 uses the information derived from the O 1s spectra to 
present oxygen content relating to Ce-O bonds. Subsequent examination of the Ce: “adjusted O” 
ratios demonstrates that at oxygen/argon flow rates between 14-56% yield thin films with 
compositions consistent with the expected CeO2 stoichiometry.  
 





generally well understood [32-34]. Typically, the Ce
4+
 oxidation state is differentiated from Ce
3+
 
by the existence of three pairs of spin-orbit doublets, whereas Ce
3+
 is characterized by two pairs 
of spin-orbit doublets [35]. The presence of the satellite peaks at a high binding energy of 916.3 
eV confirms the presence of the oxidized phase of CeO2 [35]. By contrast, the spectrum of non- 
oxygen partial pressure displays a photoelectron line peaks at binding energies of  884.9 and 
903.3 eV indicative of the presence of a mixture of Ce
3+
 [36], and  Ce
4+
 oxidation states. Further 
increases in the oxygen pressure led to a reduction in intensity of these peaks such that they are 
no longer distinguishable when the oxygen/argon flow rate ratio is raised to 14%. This suggests 
that all the Ce beyond this oxygen rate is completely oxidized to the form CeO2, which is 
consistent with the stoichiometry inferred from the analysis of the elemental composition from 
the survey spectra. Notably, XRD measurements were unable to discern any Ce
3+
 in any of the 
systems, presumably since it is present merely as a surface enriched species. 
The cross sectional FESEM images shown in Figure 3 were used to estimate the thickness of the 
sputtered CeO2 films. Several points on each sample were taken to average the accurate 
thickness of these films. As listed in Table 2, the thickness reaches a maximum at 7% 
oxygen/argon flow rate and reduces beyond this ratio. This drop in the film thickness is believed 




sputtered particles.  Consequently, the number of species reaching the substrate was reduced, 
resulting in decreased growth rate [37, 38].      
3.2 Optical reflectance and Urbach energy studies 
 
The infrared (IR) reflectance spectra of CeO2 films acquired by FTIR spectroscopy is displayed 
in Figure 3. The IR spectra are aimed to detect the chemical functional groups present in the 
deposited materials. From Figure 4, it is seen that the absorptions due to carbon-oxygen single 
bond in the infrared region of 9017.1 - 9041.6 nm demonstrating the presence of (C-O) group in 
the CeOx films, consistent with the results obtained via XPS. The UV-Vis optical reflectance 
spectra of CeOx films at different oxygen/argon flow ratios is shown in Figure 5. From Figure 5, 
it can be seen that all the films, apart from that with 0 % oxygen flow ratio, exhibit antireflection 
properties in the visible regions. This indicates that increases in oxygen/argon result in better 
antireflection properties in the visible region of the solar spectra. The increase of the reflectance 
in the visible  region, for the CeOx films prepared without reactive oxygen gas, may be due to its 
high surface roughness resulting  in the loss of intensity of the incident light by scattering [39]. 
The optical absorption coefficient (α) of CeO2 films was calculated using the relationship: 
 
                                
 
 
                                                                                   (2) 
 
where A and d are the solar absorption in percentage and thickness of the films, respectively. 
Figure 6 exhibits the variation of the absorption coefficient of CeOx films at various oxygen flow 
ratio as a function of incident photon wavelength. The variation of optical absorption coefficient 
with the photon energy helps to study the band structure and the type of electron transition 
included in absorption process. The optical band gaps Eg of the studied films were estimated 
from the calculated absorption coefficient values using the Tauc relation [22, 40] ; 
 
                                     
                                                                            (3) 
 
where,   stands for the absorption coefficient, h is the incident photon energy, h is the Planck’s 




the transition, Eg is the optical band-gap and n is an index that determines the type of optical 
transition involved in photon absorption process. The index n = 1/2 and 2 is for allowed direct 
and indirect optical transitions, respectively. In practice, the direct transition energy gap (direct 
band-gap) can be calculated via plotting h against (αh)2 and extrapolating the linear portion of 
the curve to (αh)2 = 0 in the x-axis. Similarly, the indirect energy band-gap can be found by 
plotting h vs (αh)1/2 and extrapolating the linear part of the curve to (αh)1/2 = 0 along the x-
axis. 
 
Figure 7 represents the plots of (αhν)
1/2
 against incident photon energy (hν) of the CeOx films 
synthesized at various oxygen/argon flow rate ratios. According to our measurements, the 
indirect optical band-gap of the films increased from 2.28 to 3.05 eV with the increase in oxygen 
flow ratio from 7 % to 14 %. Further increases in the oxygen content into the system results in a 
reduction in the band-gap to 2.95 eV. This drop in band-gap energy is due to either the excess 
oxygen reducing the number of grains[41], an alteration to the crystalline structure, or alterations 
to the crystal orientation due to the strong dependence between oxygen flow ratio and the lattice 
structure [42]. This is in agreement with XPS results which revealed that at higher levels of 
oxygen pressure the crystalline structure of Ce2O3 is completely oxidized into CeO2. This finding 
is also in accordance with our XRD analysis confirming the increase of (111) orientation from 
0% to 28% leading to increase the grains size and beyond this ratio the grain size starts to reduce.     
 
 
3.3 Optical properties – the dispersion parameters 
Studies of refractive index (n) and the extinction coefficient (k) provide important information on 
the dispersion behaviors of optical materials for a certain incident wavelength. The refractive 
index and extinction coefficient calculated using the UV-Vis reflectance data, in the wavelength 
range of 190 – 2500 nm, are shown in Figures 8 and 9. The complex refractive index is given by 
the following relation: 
 





where k is the imaginary part of the refractive index known as the extinction coefficient and can 
be calculated via following relation: 
 
                          
  
  
                                                                                                      (5) 
 
 The real part of the refractive index, n is obtained using the reflectance data, R and extinction 
coefficient, k values as: 
 
                      (
   
   
)   √
  
      
                                                                           (6) 
 
Figure 8 suggests that all the spectra of refractive index against oxygen gas contents have 
minimal values in the visible range of the solar spectra. The extinction coefficient plotted in 
Figure 9 exhibits comparatively lower values in the ultra-violet and visible range than the 
infrared region. This in turn indicates the good quality of the Ce-oxide films that have less 
dispersion and absorption in the visible range of the solar spectra.  
 
3.4 Dielectric analysis        
 
The complex dielectric function is expressed as, 
                                               
                                                  (7) 
where ε1 (ω) and ε2 (ω) corresponds to the real and imaginary part of the complex dielectric 
function, respectively  that are defined by the following relationships [43] , 
 
                          
     and                                                                                             (8) 
 
ε1 (ω) corresponds to the amount of the material that becomes polarized when applying an 
electric field because of creation of electric dipoles in the material, whereas ε2 (ω) represents the 
absorption in the material and hereafter the loss energy [44]. From Figure 10, it clearly shows 




in Figure 11 displays energy dependent reducing trend. However, ε1 and ε2 curves show small 
values in the visible range reflecting their least energy loss in this region and thereafter 
suggesting the high quality of the studied films. 
 
This power loss occurs as a result of the inelastic scattering process during the charge transfer 
and charge conduction mechanisms [22]. The loss factor is defined as, 
                       
  
  
                                                                                                                 (9) 
Figure 12 illustrates the variation of the loss tangent, of cerium-oxide films fabricated at different 
argon-oxygen flow ratios, with the incident photon energy. The variation in loss tangent exhibits 
the same trend as ε2. Since the ε2 values are lower than that of ε1, hence the energy loss of the 
CeOx is relatively low. 
 
The energy loss functions are classified as volume energy loss function, Vel and surface energy 
loss function, Sel  [43].  
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                                                                       (11) 
 
The energy loss functions that are associated with the optical characteristics of a material via real 
and imaginary parts of dielectric constant of CeOx films are shown in Figure 13. Both Vel and Sel 
mimic the same trend as that of loss tangent data displayed in Figure 12. It is also noted that the 
film with 7% oxygen - argon rate exhibits the lowest energy loss for a wide range of the incident 
photon energies.  
 
 
3.5 Simulation analysis  
Structural optimizations of the CeO2 lattice were executed via computational modeling. The 
CeO2 system shows a cubic symmetry in Fm-3m space group composed of four formula units in 
a unit cell. The lattice parameters of CeO2 in the balanced condition amounts to 5.478 Å as 
computed via theoretical predictions. Our simulated findings of the lattice parameters are in 




the present unit cell model of CeO2, there are 4 Ce and 8 O atoms. The lattice structure was 
relaxed and is displayed in Figure 14. 
 
Figure 15 depicts the electronic density of states (DOSs) of the optimized CeO2 cluster. The 
electronic characteristics of CeO2 structure were determined by calculating the total density of 
states at the Fermi level. Our results reveal that the CeO2 cluster exhibits a non-metallic character 
due to f-orbital of Ce which leads to the semiconducting nature. The top most valance band is 
stretching from -4.30 to 0 eV (Fermi level) and the conduction band is positioned at 3 eV above 
the Fermi level. 
 
The computed absorption coefficients of CeO2 films, as a function of wavelength, in the range of 
100 – 2500 nm is depicted in Figure 16. It is evident that the CeO2 spectrum shows a good 
absorption behavior for the incident photons in the ultra-violet region, whereas an opposite trend 
is observed at visible region. This reveals that CeO2 is a promising transparent material with 
superior optical properties applied for electrodes in battery industries and solar panels. 
Furthermore, the absorption coefficient spectrum confirms the non-metallic character  CeO2 
materials [45].     
 
The dielectric function describes the interaction between the incident photons and electrons in a 
certain material. The DFT calculated complex dielectric constants of CeO2 films as a function of 
the wavelength in the range of 100 to 2500 nm are shown in Figure 17. The calculated dielectric 
function involves the intra-band impacts from free electrons (conduction electron contribution) 
and intra-band effects (from valance- electron contribution). As observed from Figure 17, the 
dielectric constants (real and imaginary parts) is increased at shorter wavelength regions and 
become almost invariant in the longer wavelength side. Zero value of ε2 indicates that the 
material is transparent,  while absorption will be represented for nonzero values of ε2 [46]. As 
seen in Figure 17, ε2 values sharply reduces to zero at wavelengths longer than 500 nm indicating 
a high quality transparent material for optical applications.  
 
The DFT calculated refractive index (n) and extinction coefficient (k) spectra, in the wavelength 




extinction coefficient spectra exhibit the same trend as the dielectric functions because both of 
them have peak values in the shorter wavelength regions. The simulated and experimental 
refractive index has analogous behaviors in the wavelength range from 100 to 2500 nm. 
Moreover, the computed and measured extinction coefficients have similar trend in the 
wavelength range of interest. 
 
4. Conclusions 
 Magnetron sputtered CeO2 films as optically transparent materials, synthesized onto crystalline 
silicon substrates at various oxygen-argon mixture gas, have been rigorously studied and 
characterized by correlating their structural and chemical bonding states. All deposited thin films 
exhibited a polycrystalline character with cubic fluorite structure for cerium dioxide along (111), 
(200) and (222) orientations. The XPS survey scans of the CeOx coatings revealed that the Ce:O 
ratio between 14-56% oxygen/argon flow rates is largely consistent with the CeO2 stoichiometry. 
As revealed from the high-resolution Ce 3d spectra, two oxidation states of CeO2 and Ce2O3 are 
present in the films prepared at lower oxygen-argon flow ratios, whereas the films are 
completely oxidized into CeO2 as the gas ratio is increased. Reflectance data obtained from UV-
Vis investigations were utilized to calculate the optical constants such as absorption coefficient 
(α), the real and imaginary parts of the dielectric function (ε1, ε2), the refractive index (n) and the 
extinction coefficient (k). Our analysis indicates that the CeO2 films have indirect optical band 
gaps residing in the range of 2.3 - 3.1 eV.  The simulated electronic density of states (DOSs) of 
the optimized structure of CeO2 films reveals a band gap that agrees well with the experimental 
optical band gap results. The measured and calculated absorption coefficients display similar 
trends and, to some extent, a similar range of values in the observed wavelength range. The 
excellent agreement between the experimental and theoretical results demonstrates the validity of 
our computation models. The information gleaned from this study will be of benefit in 
applications requiring the tunable structural and optical properties of CeO2 thin films. 
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Table 1. Sputtering parameters for the deposition of CeOx coatings. 
No. Sputtering conditions Range 
1 Target-substrate distance 10 cm 
2 Base pressure 4   10-5 Pa 
3 Sputtering gas Ar 
4 Reactive sputtering gas O2 
5 Oxygen partial flow ratio 0 %, 7 %, 14 %, 28 %, 42 % and 56 % 
6 Sputtering pressure ~ 0.3 Pa 
7 Sputtering power 700-900 W 
8 Deposition time 60 min 







Table 2. Thickness of CeO2 films 
 
No. Oxygen/Argon flow 
rate ratio % 





1 0 393.1 
2 7 1334 
3 14 175.9 
4 28 163.6 
5 42 151.4 
6 56 611.1 
 
 
Table 3. Details of the elemental compositions of CeOx prepared under different argon/oxygen 
flow rate ratios as acquired from XPS measurements. 
 
Oxygen/argon/ flow rate 
ratio % 
Atomic percentage of the elements    
Ce Total O Lattice O  
0 26.1 73.9 44.5 
7 28.9 71.1 46.4 
14 29.8 70.2 57.7 
28 31.5 68.5 57.5 
42 31.3 68.7 57.0 




































































































































Figure 3. Cross sectional FESEM images of Ce-oxide coatings prepared with various oxygen – argon 


























Figure 4. FTIR spectra of CeOx films deposited on c-silicon substrate as a function of oxygen / 



































Figure 5. Optical reflectance spectra of CeOx films deposited on c-silicon substrate as a function 
of oxygen / argon flow rate ratios. 
 
Figure 6. Variation of absorption coefficient with wavelength for CeOx films deposited on c-









































































Figure 7. Plots of (αE)
1/2
 versus (E) of CeOx deposited on c-silicon substrate at various oxygen 
/argon flow rate ratios. 
 
Figure 8. Variation of refractive index with wavelength for CeOx films deposited on c-

































































Figure 9. Variation of extinction coefficient with wavelength for CeOx films deposited on c-
silicon at different argon/oxygen flow rate ratios. 
 
Figure 10. Real part of dielectric constant vs photon energy of CeOx films deposited on c-silicon 














































































Figure 11. Imaginary part of dielectric constant vs photon energy of CeOx films deposited on c-
silicon at different oxygen /argon flow rate ratios.  
 
Figure 12. Variation of loss angle with wavelength for CeOx deposited on c-silicon at different 






















































































Figure 13. Variation of energy loss functions, (a) volume energy loss and (b) surface energy 









































































Figure 14.  Conventional unit cell of Ce-oxide (CeO2) structure. Gray and red spheres refer to 






































Figure 16. Simulated absorption spectrum of CeO2 clusters. 
 
 













































Real part of the dielectric constant
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